Background: A large amount of post-consumer marble sludge waste is thrown away into landfills. The need to reuse this waste is increasing day by day due to the environmental concern and energy conservation. The purpose of this work is to explore the use of this waste for low-cost natural rubber composites. In the experimental part, three different microsizes: 10, 20, and 75 μm, with five different levels of loading up to 90 parts per hundred of rubber (pphr) were used in natural rubber (NR) composites to study the effect of marble sludge (MS) loading on the mechanical properties. Results: Application of MS as filler enhanced many properties such as tensile strength, modulus, tear strength, hardness, and rebound resilience. It is observed that compression set, abrasion loss, cross-link density, and shear modulus increased, while rebound resilience and swelling ratio values decreased with increasing MS loading. Mechanical properties of the NR composite filled with 10-μm MS are higher than those of NR composites containing 20-and 75-μm MS. The effect of thermal aging at 70°C and 100°C for 96 h has also been studied. Conclusions: This study has thus shown that MS from marble processing industrial waste can be used as economical alternative filler in NR compounding.
Background
Marble waste or sludge is an unavoidable material resulting from marble processing industries, where nearly every industry generates one of a kind or another. A waste or sludge can be defined as the substance by-products after fabrication and has no further value, especially with affluent developed economies [1] . The increasing amounts of waste and diminishing waste disposal sites, as well as the problems associated with the contamination from dangerous and toxic materials, are challenging to us and should be resolved successfully [2] . Storage and collection of waste are some of the more visible signs of successful or unsuccessful solid waste management systems. It is a serious matter as waste materials produce tangible effects on the soil and environmental system of most areas in the city of Karachi [3, 4] . If waste is not discarded properly on land, besides affecting plant, animal, and human health, trace elements contained in solid waste may be leached from the soil and enter either the ground or the water surface and contaminate it dangerously. Among the multitude of environmental problems faced by Pakistan, solid wastes have become one of the most prominent issues in the recent years, not only because of the increase in the amount, but mainly because of the lack of an efficient management system and monitoring associated with it.
Large quantities of marble sludge are produced in marble processing industries in Karachi (Pakistan). It is generated as a by-product during the cutting/polishing process of marble blocks and is carried away by the drainage system. This practice imposes threats to the ecosystem, i.e., physical, chemical, and biological components of the environment. Therefore, utilization of marble sludge in the production of new materials will help protect the environment. Attempts have been made to use the marble sludge waste for various purposes in cement and construction industry [5] [6] [7] , ceramic tiles [8] , and asphaltic concrete [9] , but very few attempts have been made to use it as a filler in rubber composites [10] and polymer concrete from recycled poly(ethylene terephthalate) [11] .
The use of filler in rubber is important to obtain the desired physical and mechanical properties of rubber compounds [12] . The filler greatly effects on the overall properties of resulting rubber compounds [13] . The dispersion of filler in rubber matrix improves the physical properties as reported in the literature [14] [15] [16] [17] [18] [19] . The dispersion of good filler in rubber matrix is attained by the nature of rubber or rubber kind, structure of filler, and mixing sequence and their condition. Generally, nonblack fillers, such as silica, calcium carbonate, talc, aluminum oxide, zinc oxide, titanium dioxide, and zirconium oxide, are used as fillers or co-fillers in rubber compounding, thermoplastics, and thermosetting [20] [21] [22] [23] [24] [25] [26] .
Recently, several researchers have evaluated the effect of loading different types of filler on the physical and mechanical properties of the end product of natural and synthetic rubber compounds [27] [28] [29] [30] [31] [32] [33] . The main purpose of filler additions is to improve certain properties and lower the cost of the compound. Fillers could be divided into two types: reinforcing and nonreinforcing fillers. Reinforcing fillers, such as carbon black of different sources, enhance the mechanical properties. They also improve properties that meet a given required service application or set of performance parameters owing to their large surface area. Nonreinforcing fillers, such as carbonates, silicates, and different clays (kaolin), are used generally as extenders aimed at reducing the cost of the rubber products.
Seo et al. [34] conducted a study on nonblack fillers like silica that show the improvement in reinforcing the performance of networked silica and confirmed its feasibility as reinforcing materials for the manufacturing of highly stable rubber products such as tire without any coupling reagent. A significant change in tensile strength was achieved due to the physical entanglements of rubber molecules with the silica particles. The dispersion of the networked silica in rubber molecules is expected to be good because its surface is covered with organic materials. The openings formed in the networked silica additionally contribute to improve its dispersion by the penetration of rubber molecules into them. Robinson et al. [35] studied several fillers, including wollastonite, talc, calcium carbonate, and carbon black. The effect of wollastonite with two different particle sizes and the effect of epoxy silane treatment on physical properties resulted in the development of a rubber composition with high modulus and high tensile strength.
The aim of the current research is to obtain a rubber compound with the incorporation of marble sludge waste in natural rubber instead of conventional fillers. The potential of the marble sludge waste as a filler in rubber composites needs to be studied to solve the environmental problem and to develop cheaper filler for polymer composites. The effects of marble sludge loading with selective microsize particles: 10, 20, and 75 μm, were investigated. The study involved mechanical and swelling tests. The mechanical tests include tensile strength; modulus at 100%, 200%, and 300% elongation; elongation at break; tear strength; compression set; hardness; abrasion resistance; and rebound resilience. Swelling tests were conducted by measuring the filler-filler interaction, swelling ratio, cross-link density, volume fraction of rubber, and shear modulus of the rubber composites. The study also focused on the aging resistance of the rubber composite materials.
Methods

Materials
The materials used for the preparation of the compounds were (1) natural rubber (NR) ribbed smoked sheet (RSS-3), (2) marble sludge (MS), (3) zinc oxide as an activator, (4) stearic acid, (5) tetramethylthiuram disulphide (TMTD) as an accelerator, (6) 3-dimethylbutyl-N-phenyl-p-phenylenediamine as an antioxidant, (7) sulphur as a vulcanizing agent, and (8) toluene as a solvent.
RSS-3 grade NR was obtained from Rainbow Rubber Industry (Karachi, Pakistan). Physical properties of NR such as dirt content, ash content, nitrogen content, volatile matter, initial plasticity, and plasticity retention index were determined by American Standard Test Method (ASTM, Table 1 ). Marble sludge waste (waste product from marble cutting industry) was collected from a locally situated marble cutting industry. The marble sludge waste was dried in an oven at 80°C for 24 h and ground into fine particles and passed through the desired sieve to obtain selective microsize particles such as 10, 20, and 75 μm.
Compounding
Mastication and mixing were carried out in a watercooled two-roll mill (300 × 150 mm 2 ) operating at a friction ratio of 1.25:1. The compounds were prepared as per formulation given in Table 2 according to ASTM D3182.
Vulcanization process
The compounded rubber stock was then cured in a compression molding machine at 155°C and at an 
Characterization
Analysis of marble sludge powder
Sample preparation About 7 g of MS powder was weighed out by adding three pallets of binder material then pressed under a pressure of 20 tons for 5 to 10 min for the pallets to form. The samples were further analyzed using an X-ray fluorescence (XRF) spectrometer.
Instrumentation Performed measurements were done using S4 PIONEER spectrometer. A closely coupled optical path helps provide high intensities and low detection limits for all elements. Automatic computer control of the generator allows the kilovoltage (kV) and milliampere (mA) settings to be adjusted automatically for each element. The optimization settings of kV and mA provide the furthermost sensitivity for all elements. The elements with lower atomic number are typically analyzed using low kV and high mA settings, while the elements with higher atomic number are analyzed with high kV and lower mA settings. Operation and data reduction for the S4 PIONEER were easily handled with the Bruker AXS SPECTRA plus software package (Frankfurt, Germany). Results and discussion
Measurement of mechanical properties
Characterization of marble sludge powder Particle size distribution
The micron air jet sieve system is the most widely used simple method of determining particle size distributions in sieving. The marble sludge dry powder obtained was sieved using a mechanically operated shaker that imparted a uniform rotary and tapping motion to a stack of sieves of steel. The particle size distribution determinations were performed using Alpine Air Jet Sieve Model 200 LS-N (Augsburg, Germany). The marble sludge dry powder retained on each sieve was weighed and is shown in Figure 1 . It consists of fine as well as coarse particles. In general, the distribution is in the range of 25 to 4,000 μm or even slightly higher. Homogeneous dispersion of fine and coarse particles and uniform motion of the powder cloud in the measuring zone are essential for effective particle size measurement. After collection of particle size distribution data, the marble sludge was ground in a fine micronized form and passed the desired sieve to obtain different microsize particles such as 10, 20, and 75 μm.
Mineralogical composition
Constituting the mineralogical composition allows one to depict the comparative amount of a variety of ingredients present in the craving material. In this way, it is possible to determine the quantity of those minerals present which is generally important, in a few potential fields of application. The chemical composition of the MS powder is shown in Table 3 . The MS powder contains a significant amount of calcite/calcium carbonate. As expected, calcium carbonate is the main ingredient in the MS powder. The remaining constituents may include other carbonate minerals such as dolomite/magnesite, while small quantities of silica, aluminum oxide, and iron oxide are also present. Calcite has a crystal orthorhombic structure. Pure calcite and dolomite are clear or white minerals. However, with impurities, such as sand, clay, iron oxides, and hydroxides, and organic materials, the waste can take on a variety of colors. In the XRF spectrometry studies, several typical minerals are identified. The XRF of the MS waste is consistent with the chemical analysis showing a composition of approximately 68.6% calcite, 22.13% magnesium carbonate, 3.89% quartz/silica, and 2.785% aluminum oxide.
Small quantities of iron oxide, chromium oxide, titanium oxide, and zinc oxide are also present. The values obtained for the relative metal composition of MS from atomic absorption spectroscopic studies are in close agreement with those obtained from XRF spectrometry studies.
The above observation shows that the marble powder is basically composed of calcium carbonate and magnesium carbonate with small quantities of silicates, aluminum oxide, iron oxide, chromium oxide, titanium oxide, and zinc oxide.
Mechanical properties
The tensile strength of MS powder-filled NR composites with various microsize particles (10, 20 , and 75 μm) is shown in Table 4 . It is observed that with the increasing loading of MS in the NR composite, the tensile strength increases up to a certain value and then decreases. At 70 pphr, the NR composite filled with 10-μm MS particle showed a maximum peak value of 11.65 MPa. It was noteworthy that the tensile strength of the MS-filled NR composite is 230% higher than that of the unfilled NR composite. After further loading of MS (90 pphr), the tensile strength decreased. The result showed that the MS can act as a semi-reinforcing filler if used below 70 pphr due to the large number of calcium carbonates present in it. The tensile strength increased till the 70 pphr. Further, an increase in the loading of the MS (90 pphr), the tensile strength decreased, resulted in a weak filler-rubber interaction due to the dilution effect and formation of filler agglomeration. The filler-rubber interaction increased till the addition of 70 pphr, but further addition of MS caused a stronger filler-filler interaction as compared to the filler-rubber interaction. The microsize particles of MS also influence the tensile strength. The smaller microsize particle of MS (10 μm) has greater tensile strength as compared to the larger ones (20 and 75 μm) in NR composites. This is due to high dispersion and the interaction of small microsize particles of MS in the NR phase.
The modulus (at 100%, 200%, and 300% elongation) of unfilled and filled NR composites in the presence of the various microsizes of MS particles is shown in Tables 5, 6 , and 7, respectively. The incorporation of filler in the polymer matrix results in an increase in the stiffness of the end material. As expected, the modulus has been increasing steadily with filler content. Modulus is a measure of the stiffness of the end material. Modulus at 100%, 200%, and 300% elongation increases with the increasing MS loading. This is a common phenomenon, i.e., filler addition results in greater modulus [36] [37] [38] . It is worth observing that the peak values of both moduli for 90 pphr with the smaller microsize of MS particle (10 μm) are 159% and 188% higher than those of the unfilled NR composite.
As the MS content increases, the NR in the matrix progressively decreases and is replaced with the MS, which renders it stiff to aggregate within the matrix to form a three-dimensional reticulate structure. The increased moduli of the filled NR composites are due to the reduced elasticity and increased rigidity of the rubber matrix. The modulus (at 100%, 200%, and 300% elongation) of the NR composite filled with 10-μm MS particle increases with increasing MS loading, whereas that of NR composites filled with 20-and 75-μm MS also increases with the increasing MS loading, but a smaller trend is found in both NR compounds filled with 20-and 75-μm MS. Evidently, the modulus decreases as the microsize of MS particle increases. It can be deduced that MS with smaller microsize is more compatible with the rubber than the larger one. This is also an indication that smaller microsize particles have a better interaction with the rubber. Tear strength of unfilled and MS-filled composites are given in Table 8 . The tear strength also follows the same trend as that of the tensile strength. The tear strength of MS-filled NR composites is higher than that of the unfilled NR compound. As the MS loading increases from 10 to 70 pphr, the composite exhibits improved tear strength. Table 9 includes data which describe the effect of loading and microsize of MS particle on the elongation at break. It is obvious that unfilled NR compounds have higher elongation at break values than all filled NR composites, while for the filled compounds, this value decreases gradually with the increase in MS loading. The filler shows an extra extension due to the increase of the dilution effect that occurred at higher loading. The primary particle size or specific surface area, together with loading, determines the effective contact area between the filler and rubber matrix. The results also show the effects of microsize of MS on the property of elongation at break. It is clear that the lower the microsize of MS particle, the higher the elongation at break achieved. A better result is found when 10-, 20-, and 75-μm MS are used with loadings of 10 and 30 pphr. The decrease in elongation at break with MS loading can be due to the adherence of the MS microsize particles to NR, causing a stiffening effect on the polymer chain and decrease in stretching.
The hardness of the unfilled and MS-filled NR composites was analyzed, and the results are presented in Table 10 . It has been observed that the hardness of the MS-filled NR composites is higher than that of the unfilled NR compound. According to Brown and Soulagnet [39] , hardness is essentially a measure of modulus. One can observe a very similar behavior as shown in modulus measurements, i.e., a substantial increase in the value of hardness as the filler content is increased. It was observed that the hardness of NR composites increases with the increase in MS content. This result is expected due to the higher incorporation of MS microsize particles. The higher loading and large microsize of MS particles result in more rigid compounds. The results also showed the effect of microsize (10, 20 , and 75 μm) on hardness. It was observed that the hardness at 90 pphr of the NR composites filled with 20-and 75-μm MS was higher as compared to that filled with 10-μm MS. It is clear from the results of hardness that the microsize of particles influences the said property of the NR composites.
The results of the compression set test are presented in Figure 2 . Evidently, the performance of the compression set is increased by increasing the microsize of MS particles and increasing the loading of the filler. The best material is the one with the least compression set percentage; the NR composites filled with 20-μm MS at 10 pphr have the best results at any loading. The values of compression set are found to be increased continuously with increasing MS loading. It is widely known that compression set is another property that can show the degree of elasticity. The increase in compression set values confirms that the elasticity of cured NR composites is impaired in the presence of MS.
The effect of MS loading on rebound resilience at room temperatures is given in Figure 3 . The percentage rebound resilience of the composites has been observed to be decreasing with increasing MS content. Since rebound resilience is directly proportional to the degree of elasticity, results clearly show that the presence of MS reduces the elasticity of the cured NR composites. This is attributed to the combination of the reduced cross-link density and the dilution effect (the reduction of NR portion with increasing MS loading). Volume loss caused by the abrasion of the NR composites with loading of MS is shown in Figure 4 . The abrasion resistance of the composites has been measured in terms of relative volume loss. A higher value of volume loss shows a lower abrasion resistance and vice versa. The relative volume loss of the MS-filled NR composites is higher than that of the unfilled NR compound. The abrasion loss increases up to 90 pphr loading of MS. It is the interaction between the rubber matrix and the MS which restricts wear on the rubber during abrasion. At higher loadings of MS, the filler-filler interactions overcome the filler-rubber interactions, resulting in increasing abrasion loss and reducing abrasion resistance. Lower abrasion loss values are obtained in the NR composite containing 20-μm particles as compared to those containing 20-and 75-μm particles.
Aging properties
At room temperature, the action of atmospheric oxygen on NR is very slow, but heat can do this action. Aging is the deterioration of desirable properties during storage or service; this is a phenomenon common to a wide variety of natural and synthetic rubber, including NR [40] . Various changes can occur in rubber component as a result of the conditions under which it is used or stored [41, 42] . For a long service or storage of the cured rubber materials, it is recommended to age them at 70°C and 100°C from 72 (3 days) to 144 h (6 days) and find out the aged values of mechanical properties of the cured rubber. In this study, the cured samples of rubber were aged at both above temperatures for 96 h, and the retention of mechanical properties was evaluated.
The industrially important aspects of aging are the changes in physical properties such as the tensile strength, the hardness, or the modulus of elasticity. If the conditions are too severe, the rubber may rapidly become unserviceable.
The aging process of NR is complex, but it is known that oxidation is a significant degradation process. The rate of degradation is significantly accelerated at higher temperatures. Typical mechanical properties of NR composites and thermally aged counterparts have been measured and compared to one another.
The final cured products of the NR compound sometimes change their physical properties especially their mechanical properties at high temperature. Therefore, it is necessary to evaluate the effect of temperature on aging property. Tables 1, 2 , 3, 4, 5, 6 and 7 also illustrate the influence of two different aging temperatures on tensile strength; modulus at 100%, 200%, and 300% elongation; tear strength; and elongation at break. The obtained aging results at two different temperatures, 70°C and 100°C, for 96 h show the onset of sharp values of tensile strength; modulus at 100%, 200%, and 300% elongation; tear strength; and elongation at break of NR composites filled with different microsizes of MS particles at 100°C, while those of composites at 70°C, a little drop in values of tensile strength, tear strength, and elongation at break was noted. However, at 70°C of aging temperature, the values of modulus at 100%, 200%, and 300% elongation increased. Ahagon et al. [43] and Baldwin et al. [44] , in their studies of accelerated aging of rubber compound, also observed the modulus increase and later reduction, depending on aging mechanism. At 90°C to 110°C, the rate of modulus decreases with increasing aging temperature; however, at 70°C to 90°C, the rate of modulus increases with decreasing aging temperature. The effect of aging temperature on modulus is due to the complexity of reactions taking place in the cured rubber compound. This change in property can also occur in polymer chain scission caused by reduction in molecular weight and molecular entangling with high cross-link density of MS-filled NR composites. The latter results in energy dissipation reduction via molecular mobility restriction. The cross-link density is playing an important role in tensile and tear strength properties. It is also evident from Figure 5 that the cross-link density of NR composites filled with different microsizes of MS particles is continuously increased with increasing MS content. This phenomenon is a post-curing effect which tends to increase when aging temperature increases. Clarke et al. [45] , in their study on aging kinetics of tensile strength of NR compound, also show that both cross-linking reaction and scission reaction increase with increasing aging temperature. The aging behavior of samples containing different loading and microsize particle of MS-filled and unfilled NR composites shows reduction of tensile strength, tear strength, elongation at break, and modulus at 100%, 200%, and 300% elongation. These properties show a rapid fall after aging at 100°C for 96 h. The fall in properties shows deterioration with accelerated aging. Evidently, composite properties tend to increase with increasing MS loading. When a rubber article is exposed to high temperature, only the rubber portion is effected to degradation. Increasing the MS amount in NR composites means that the degradable rubber portion is diluted, giving rise to a higher value after aging. The NR composites filled with larger microsize of MS particle showed higher retained values as compared to those filled with smaller ones. The accelerated aging of rubbers that contain unsaturated bonds normally results in a reduction in their strength properties.
The effect of heat aging on compression set, rebound resilience, and abrasion loss is illustrated in Figures 6, 7 , and 8 which show higher values after aging. These increases are generally attributed to the increase in the stiffness of the rubber phase brought about by a reduction in the number of double bonds.
Swelling parameters
The cross-linking density of NR compounds was determined by the equilibrium swelling method. A sample weighing about 0.2 to 0.25 g was cut from the compressionmolded rubber sample. The sample was soaked in pure toluene at room temperature for swelling to reach diffusion equilibrium [46] . After 5 days, the test piece was taken out, the adhered liquid was rapidly removed by blotting with filter or tissue paper, and the swollen weight was measured immediately. It was then dried under vacuum at 80°C up to a constant weight, and the desorbed weight was taken. The swelling ratio of the sample was calculated from the following equation:
Respectively, W 1 is the weight of the test piece before swelling, and W 2 is the weight of the swollen test piece after swelling. The swelling ratio is a direct measurement of the degree of cross-linking where the smaller the ratio is, the higher the degree of cross-linking obtained.
A swelling test is performed to observe the filler-rubber matrix interaction. The swelling ratio is the quantity of solvent uptake per weight of rubber. The effect of MS loading on the swelling ratio of unfilled and MS-filled NR composites using different microsizes: 10, 20, and 75 μm, is presented in Figure 9 . The obtained result shows a decreasing trend in swelling ratio after loading the MS.
It showed that the penetration of toluene into MS-filled NR composites was reduced with the increment of MS loading. This means that higher amount of MS loading restricted the penetration of toluene in filled NR composites. It could also be seen that there is lower swelling number associated with the NR composite filled with 10-μm MS as compared to those filled with 20-and 75-μm MS. This is due to better dispersion of smaller microsize of MS particle in NR, promoting better filler-rubber matrix interaction in NR composites [47] [48] [49] . Calculation of cross-link density from swelling behavior is one of the most important structural parameters characterizing a cross-linked polymer which is the average molecular weight between the crosslinks (directly related to the cross-link density) and is determined from swelling. The cross-link density, ν, is the number of elastically active network chains totally included in a perfect network per unit volume.
The cross-link densities of the composites were determined using the Flory-Rehner equation by swelling value measurement [50, 51] according to the relation
where V r is the volume fraction of rubber in the swollen gel, V s is the molar volume of toluene (106.2 cm 3 Ámol −1 ), χ is the rubber-solvent interaction parameter (0.38 in this study), ρ o is the density of the polymer, ν is the cross-link density of the rubber (molÁcm −3 ), and M C is the average molecular weight of the polymer between cross-links (g mol −1 ) and is related to the shear modulus (G) in the following expression [52] :
where ρ r is the density of the rubber matrix, R is the universal gas constant, and T is the absolute temperature. The volume fraction of a rubber network in the swollen phase is calculated from equilibrium swelling data as
where W sf is the weight fraction of the solvent, ρ 0 is the density of the solvent, W rf is the weight fraction of the polymer in the swollen specimen, and ρ 1 is the density of the polymer. NR was taken as 0.9125 g cm −3
; ρ s was the density of the solvent that was 0.867 g cm −3 for toluene. After the calculation of cross-link density of unfilled and filled NR composites with MS of different microsize particles in the data obtained ( Figure 5 ), it can be observed that the cross-link density increases from 10 to 90 pphr in the MS-filled NR composite. When the MS content increases, the cross-link density also increases. It may due to the increasing amount of filler in the rubber matrix. The molecular movement of the rubber reduces and makes it more difficult for toluene to penetrate through the rubber matrix. NR composites containing small microsize MS particle have better performed their cross-link density as compared to those containing larger microsize MS.
The average molecular weight between cross-links was inversely proportional to the cross-link density; thus, M C at 90 pphr of the NR composite with 75-μm MS was very small as compared to other MS-filled NR composites. The shear modulus (G) value of unfilled and filled NR composites with selective microsize of MS particle also follows the same trend as that of cross-link density (Figure 10 ).
Conclusions
The purpose of this study was to evaluate the MS and its suitability for use as filler in NR composites. To avoid the negative effects of MS on the environment, the utilization of MS as filler in NR composites is recommended in this investigation. It was shown that for NR compounds, the addition of MS leads to a significant enhancement in their physical property. From this study, the following conclusions can be drawn:
The addition of MS into NR gradually increases tensile strength and tear strength until a maximum is attained at 70 pphr. Any further increase leads to a gradual decrease in tensile strength. The dependency of tear strength on filler loading is very similar to that of tensile strength. The incorporation of MS waste into the NR composites reduces the elongation at break. Modulus at 100%, 200%, and 300% elongation of NR composites increases with increasing MS loading. Hardness increases with increasing MS content in rubber compound. There is a gradual decrease in resilience with increasing MS loading. Compression set increases with increasing MS loading. The abrasion loss increases with increasing MS content. Abrasion resistance is initially increased at lower content (10 pphr) and is decreased above 10 pphr of MS content. The swelling ratio decreases with increasing filler loading. The lower swelling ratio is due to a better cross-link density of MS-filled NR composites. The chemical cross-link density and shear modulus increase with increasing MS content. Accelerated aging behavior at 70°C and 100°C for 96 h of MS-filled and unfilled NR composites is also affected by the loading and microsize of MS particles.
Overall results show that 10-μm MS has a potential as white filler in rubber compounds. However, to achieve better reinforcement, smaller microsize of MS particles should be used. 
